Some offshore foundations are subjected to intermittent episodes of remoulding and reconsolidation during installation and operational processes. The maintained and cyclic loads, and subsequent reconsolidation processes, cause changes in the geotechnical capacity, particularly in soft clays. This changing capacity affects the in-service behaviour, including changes to the safety margin, the extraction resistance, the stiffness and structural fatigue rates and also the overall system reliability. This paper provides a new analysis framework to capture these effects, based on estimation of the changing soil strength. The framework is developed using critical state concepts in the effective stress domain, and by discretising the soil domain as a one-dimensional column of soil elements. This framework is designed as the simplest basis on which to capture spatially varying changes in strength due to maintained and cyclic loads, and the associated remoulding and reconsolidation processes. The framework can be used to interpret cyclic penetrometer tests, as well as foundation behaviour. This provides a basis for the approach to be used in design, by scaling directly from penetrometer tests to foundation behaviour. Centrifuge tests are used to illustrate the performance of this approach. The penetration resistance during cyclic T-bar penetrometer tests and spudcan footing installation with periods of maintained loading and consolidation is accurately captured. The framework therefore provides a basis to predict the significant changes in penetration resistance caused by changing soil strength, and can bridge between in situ penetrometer tests and design assessments of soil-structure interaction.
INTRODUCTION

Background and motivation
Several offshore geotechnical processes related to offshore foundations involve periodic cycles of remoulding and reconsolidation. The weakening effect of cyclic loading on the strength of soft soil is well recognised in design practice, and methodologies for determining the cyclic 'fatigue' of clay during undrained cyclic loading are well established (Andersen et al., 1988; Andersen, 2015) . However, undrained capacity assessments often neglect the effects of drainage and consolidation that will inevitably occur in practice after installation and through long-term operations. This overlooked effect of consolidation on clay strength and geotechnical capacity can be important and beneficial for design practice.
For instance, during footing installations for mobile offshore drillings rigs, periods of consolidation under an elevated preload may be introduced deliberately to enhance the subsequent capacity (Amodio et al., 2015) , and consolidation during the operational phase also affects the subsequent extraction resistance (Purwana et al., 2005; Kohan et al., 2014 Kohan et al., , 2016 . Through the consolidation period, the recovery of soil strength enhances the penetration resistance, which may raise the capacity to an acceptable level that would enhance the range of wave conditions in which the jack-up can safely operate. Conversely, this rise in capacity may hamper extraction of the legs on completion of drilling.
Similarly, all subsea foundations and anchoring systems are subjected to some level of cyclic loading throughout their life, either from day-to-day cycles of operating temperature in the connected pipelines and equipment, or from mild sea states. These cyclic episodes are sustained over a significantly longer period than a single storm and will progressively strengthen the surrounding soft clay through drainage and consolidation.
Currently, most of the published studies to analyse and quantify the increased soil resistance owing to consolidation focus on shallow foundations, in which significant remoulding and gross vertical movements of the foundation do not occur (Bransby, 2002; Lehane & Jardine, 2003; Bienen et al., 2010; Gourvenec & Randolph, 2010; Gourvenec et al., 2014; Fu et al., 2015) . In this situation, it is not necessary to consider either remoulding, or the movement of the foundation relative to the strengthened zone of soil, and so analysis methods using a single 'lumped' value of changing soil strength are used (Gourvenec et al., 2014 .
The next level of sophistication is to idealise the soil domain by way of a one-dimensional vertical discretisation. This is akin to the oedometer method of settlement estimation, in which soil layers beneath the foundation may be assigned different compression indices. Hodder et al. (2013) used a one-dimensional discretisation to analyse the remoulding and reconsolidation processes in a cyclic penetrometer test, with the device moving vertically through the layers. Corti et al. (2017) and Cocjin et al. (2017) analysed sliding surface foundations using the same form of discretisation, with the foundation applying varying levels of shear stress to the different layers.
Extending these previous contributions, this paper sets out a new analytical framework for estimating soil resistance during penetration processes that cause changes in soil strength. The major purpose of the framework is to establish a theoretical tool for quantifying the changing soil resistance considering the combined effects of remoulding and reconsolidation. A potential use of the framework is to bridge between advanced in situ tests and predictions for foundation design, as illustrated in Fig. 1 .
Analytical concept of framework
The new framework stems from an idea highlighted by Palmer (1997) and extends a basic framework established by Hodder et al. (2013) for predicting the vertical forcedisplacement response of an object moving in clay. The significant extensions from the previous work (as outlined in Table 1 ) are given below.
(a) The framework is defined with sufficient generality that it can be applied to scenarios that are load-controlled, displacement-controlled or a mixed sequence, which allows realistic simulation of 'whole-life' cyclic loading histories.
(b) A one-component model is developed to quantify the generation of excess pore pressure as a function of disturbance. Instead of counting loading cycles, the excess pore pressure generation is linked to the accumulation of shear strain during an undrained penetration and remoulding process. This approach is based on techniques first developed for the T-bar penetrometer by Einav & Randolph (2005) . (c) A simple hyperbolic function is introduced to characterise the excess pore pressure dissipation at each soil horizon. (d ) The variation in soil strength considering remoulding, reconsolidation and maintained load is captured by changes in applied vertical load and excess pore pressure, which together define the vertical effective stress and thereafter the undrained shear strength. (e) A non-linear mobilisation of the strength and limiting resistance is used, creating the variation in stiffness and allowing both load-controlled and displacement-controlled events to be modelled.
Before these analytical components are introduced, results from two sets of geotechnical centrifuge test are shown, which are later used for validation of the framework. In the experiments, a T-bar penetrometer (Stewart & Randolph, 1991) and a spudcan footing typical of a mobile jack-up platform were used in a series of penetration tests. The results of the cyclic T-bar penetration test reveal the soil strength variation during cyclic loading and reconsolidation, while the spudcan penetration test illustrates the variation in penetration resistance at foundation scale, and particularly highlights the effect of the magnitude and duration of the maintained load on the subsequent penetration resistance. The paper closes by comparing framework simulations against the results of the two centrifuge tests.
EXPERIMENTAL OBSERVATIONS OF REMOULDING AND CONSOLIDATION
Effects on T-bar penetration resistance A special suite of T-bar tests was carried out to explore and quantify soil strength degradation owing to cyclic penetration and subsequent regain after reconsolidation, using the beam centrifuge at the University of Western Australia.
The cyclic T-bar tests were performed in a lightly overconsolidated kaolin clay, and were reported previously by Hodder et al. (2009) . Kaolin slurry with a water content equal to twice the liquid limit was normally consolidated in the centrifuge at 50g for 4 days. The centrifuge was then stopped and approximately 45 mm of clay was scraped from the surface of the sample prior to testing. A T-bar penetrometer (Stewart & Randolph, 1991) with a diameter of 5 mm and a length of 50 mm was used to determine depth profiles of intact and remoulded shear strength.
The T-bar test consisted of three episodes of 20 cycles, all of which were conducted at the same location in the sample. In each cycle, the bar was penetrated between depths of 15 and 60 mm (0·75 m and 3 m at prototype scale, respectively) with a vertical displacement rate of 1 mm/s (at model scale) to ensure undrained conditions. A consolidation period of 3·5 h was permitted between each cyclic episode. Profiles of undrained shear strength, s u , with depth, z, are provided in Fig. 2(a) , and were calculated from the penetration resistance, q r , as s u = q r /N c , using a bearing capacity factor, N c = 10·5, as appropriate for a T-bar (Martin & Randolph, 2006) . Within each episode of cycles the strength reduced -due to remoulding -whereas between episodes the strength increased -due to reconsolidation. These trends are illustrated in Fig. 2(b) by way of a degradation factor defined as DF = s u,cyc /s u,i (where s u,cyc and s u,i are the cyclic and in situ undrained shear strength, respectively) based on the strength measured at a depth of 1·75 m.
Effects on spudcan footing penetration resistance
A set of spudcan foundation penetration tests was conducted at 200g in the drum centrifuge facility at the University of Western Australia (Stewart et al., 1998) ; the tests were reported by Bienen & Cassidy (2013) . The model seabed consisted of normally consolidated kaolin clay, prepared in a similar manner as described for the T-bar tests. The model spudcan had a diameter of D = 60 mm (12 m at prototype scale) and was connected to an actuator that was used to penetrate and extract the spudcan, and to apply a constant vertical load to mimic a period of maintained loading.
A series of spudcan installations was carried out to a final depth of 120 mm (at model scale, equivalent to 2D). The footing was initially penetrated into the soil at a fixed displacement rate of 0·2 mm/s (at model scale), after which it was held under a specified maintained load close to a chosen target depth (either 0·5, 1·0 or 1·5D). When the target depth was reached, the actuator system was switched from displacement control to load control. The vertical load was held for a range of consolidation periods from 200 s to 4 h at model scale (0·25 to 18 years at prototype scale, respectively). A further penetration stage was performed following the consolidation, at a rate of 0·2 mm/s (i.e. the same as adopted for the initial penetration). Further details of the apparatus and procedures are given by Bienen & Cassidy (2013) .
The spudcan penetration resistance is reported in Fig. 3 as a normalised penetration resistance, q r /s u,i , where s u,i is the in situ undrained shear strength at the depth of the spudcan base (as derived from a T-bar test). Fig. 3 shows the measured variation in normalised penetration resistance for a range of consolidation times from 0·25 to 18 years (at prototype scale) at a target depth of 1D. The results show a trend of increasing penetration resistance with consolidation time, and reveal the zone of improved soil strength beneath the spudcan during subsequent penetration.
The two sets of experiments demonstrate the variation in penetration resistance caused by remoulding, reconsolidation and maintained load, and form an ideal initial database to 
ANALYSIS FRAMEWORK Overview
This overview introduces the nomenclature and components of the framework. A detailed description of each component is presented in following section.
The notation used to define a soil horizon, and the position and size of a penetrating object for penetration or extraction processes is shown in Fig. 4 .
To define the strain on a given horizon that is mobilised as the penetrating object (in this case a cylindrical T-bar penetrometer) approaches and then passes a soil horizon, a strain influence zone is defined with boundaries extending a distance, β, above and below the object penetration depth, z m . A full passage of a soil element entirely into and out of the zone results in a cumulative (absolute) shear strain increase of Δε = 400% (based on Einav & Randolph (2005) ), as presented in Fig. 4 .
An influence distribution function, μ(ẑ), is used to calculate the incremental shear strain (per unit penetrometer displacement) within the strain influence zone. The incremental strain varies with the vertical distance, Ψ, between a soil horizon and the object penetration depth (shown in Figs 5(a) and 5(b)). Integration of this strain rate over the influence zone yields the total, Δε = 400%.
The changing soil strength at a given soil horizon is estimated according to Fig. 5 . The excess pore pressure is denoted by u e ðẑÞ. As the object penetrates, excess pore pressure is generated at a rate dependent on the (absolute) shear strain rate (Fig. 5(c) ).
The equilibrium vertical effective stress (i.e. the value in the absence of excess pore pressure) is initially geostatic (σ′ v;eqm ðẑÞ = γ′ẑ), but will vary as a maintained load is applied, which creates additional excess pore pressure. Under vertical compression loading, this increment in pore pressure will be positive beneath the foundation and a negative value may occur above it (Fig. 5(d) ). During consolidation, positive excess pore pressure dissipation leads to a rise in vertical effective stress (Fig. 5(e) ). This results in an increase in soil undrained shear strength (Fig. 5(f) ).
The average soil strength 'felt' by the penetrating object is a smeared average of the local strength, which may vary between soil horizons. The strength is averaged within a strength influence zone (Fig. 5(h) ), applying a weighting by way of a strength influence function, v s (ẑ), (Fig. 5(i) ). As the object changes the direction of movement, the soil strength is mobilised progressively over a short distance (Fig. 5( j) ). Once the average soil strength is calculated, it is converted to a limiting penetration resistance, q r , based on q r = N c s u,av (Fig. 5(k) ).
Components of analysis
Excess pore pressure generation from undrained shearing. Excess pore pressure, u e ðẑÞ, results from undrained shearing and remoulding, based on the (absolute) shear strain rate at each soil horizon and the ratio between the remaining potential excess pore pressure, u e,r ðẑÞ, and the maximum excess pore pressure, u e,max ðẑÞ, where these quantities are illustrated in Fig. 6 . This approach causes the rate of excess pore pressure generation to asymptote to zero as the effective stress state approaches a fully remoulded strength line (RSL). 
where the stress and pore pressure values are as defined in Fig. 6 . ε 99 is the characteristic shear strain associated with a degree of remoulding equal to 99% (meaning a 99% reduction in strength from initial to fully remoulded, for overconsolidation ratio, OCR = 1); p is a constant power that affects the shape of the pore pressure generation; and χ is a characteristic pressure derived later that varies with specific volume. The incremental cumulative (absolute) shear strain is calculated as the object penetrates with a given displacement, δẑ m , and weighted by the strain influence function. It can be expressed as 
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The influence distribution function, μ(ẑ), decays linearly above and below the position of the object, is zero if a soil horizon is outside the zone and has an integral of unity (Fig. 5(b) ). The value 4 is an average (absolute) shear strain as a soil element has undergone a full passage of the strain influence zone (based on Einav & Randolph (2005) ).
The excess pore pressure for a given strain level is estimated by integrating equation (1) with boundary conditions: u e = 0 at ε = 0 and u e = 0·99u e,max at ε = ε 99 ,which is given by 
This is a relatively simple equation for quantifying excess pore pressure due to shearing during undrained penetration. The power, p, controls the rate of excess pore pressure generation, which affects the degradation of soil strength simulated by the framework. For the same stress state (specific volume and vertical effective stress), the model gives a consistent rate of excess pore pressure generation related to the incremental shear strain.
Excess pore pressure generation from maintained load. Apart from the excess pore pressure developed by the penetration and remoulding process, u e ðẑÞ, an additional sustained excess pore pressure, Δu e ðẑÞ, is present afterwards when the foundation is subjected to a maintained load, q, where q is defined relative to the in situ geostatic effective stress, σ′ v0 ðẑÞ = γ′ẑ. This maintained load creates a distribution of vertical stress in the surrounding soil. On application of this load, the additional excess pore pressure is developed at the instant of the load being applied due to the low permeability, and dissipates with time. The spatial distribution of Δu e ðẑÞ beneath a spudcan is quantified here using Boussinesq's approach for a circular loaded area. 
Excess pore pressure dissipation during consolidation Consolidation induced strength regain Fig. 8 ) The maintained load on a buried foundation may be carried by a combination of the soil below (by way of compression) and above (by tension, or a reduction in compression). This may lead to a reduction in pore pressure above the object as well as an increase below it. An additional parameter, η, quantifies the proportion of the load that is transmitted by way of the upper part, meaning that for η = 0 the maintained load is passed entirely through the base of the object, whereas for η = 1 the object is entirely 'hanging' from the overlying soil. The excess pore pressure created when the maintained load is applied is therefore given as
where v p is the penetration velocity of the object, and therefore indicates the direction of q (v p is positive for penetration and negative for extraction); I σ is the influence factor for vertical stress distribution under maintained load that can be estimated following Boussinesq (1885) , albeit for elastic conditions, and is given by
Consolidation process. The consolidation analysis accounts for excess pore pressure dissipation. The 'packet' of excess pore pressure generated by each episode of undrained shearing or change in maintained load, q, is dissipated separately, with the subscript 'i' used to denote an individual packet. The dissipation response is assumed to follow a simple hyperbolic equation (Chatterjee et al., 2013; Cocjin et al., 2017) , which can be expressed in rate form as
where t i is a period of consolidation after each packet of excess pore pressure generation; c v is coefficient of consolidation; T 50 is the non-dimensional time required for 50% dissipation of the initial excess pore pressure; and m is a constant that controls the shape of the dissipation response. Figure 7 illustrates the change in stress state (in the specific volume-stress plane) during consolidation. Dissipation of positive excess pore pressure results in a decrease in specific volume and a rise in vertical effective stress towards the equilibrium value (point F in Fig. 7) . The changes in specific volume can be obtained from the variation in vertical effective stress, Δσ′ v (equal to dissipation of excess pore pressure). With the effect of maintained load, the dissipation of excess pore pressure can lead to the effective stress state reaching the normal consolidation line (NCL), and the changes in specific volume are generally given by 
where σ′ v is the vertical effective stress after undrained shearing or remoulding; σ′ vc is the pre-consolidation stress; Δσ′ v is the increase in effective stress from pore pressure dissipation; λ is the gradient of the NCL; and κ is the gradient of the unload-reload line (see Fig. 7 ).
Soil strength response. The soil strength is defined as proportional to the current vertical effective stress, et al. (2013) , to capture effects from overconsolidation, destructuration or changes in K 0 through shearing events. A similar approach is used in the present framework, but with Φ varying with the cumulative shear strain, and is taken to decay exponentially from a peak value k Φ Φ steady to a steady value, Φ steady .
where k Φ ðẑÞ is a strength parameter multiplier linked to the OCR and a peak strength parameter, b, expressed as k Φ ðẑÞ ¼ OCRðẑÞ b (Schofield & Wroth, 1968; Muir Wood, 1990) . ε 95,Φ is the cumulative (absolute) shear strain required to cause a 95% reduction from the peak value to the steady value, Φ steady (since e À3 % 0·05). Combining the lumped strength parameter and a measured cyclic soil sensitivity, S t,cyc , allows the range of soil undrained shear strength from intact to fully remoulded conditions to be modelled. The fully remoulded strength is linked to the fully remoulded stress, σ′ v,RSL , at the RSL, and is given by Hodder et al. (2013) as
where [s u /σ′ v0 ] NC is the normally consolidated undrained strength ratio; Λ is the plastic volumetric strain ratio; Γ NCL is the specific volume at σ′ v = 1 kPa on the NCL; and v initial is the initial specific volume.
Variation in soil strength due to a maintained load. During consolidation, dissipation of the excess pore pressures leads to a regain in soil strength. For the subsequent undrained shearing, the consolidated soil strength, s u,c , can be calculated by equation (10) considering the progressive build-up of excess pore pressure and the reduction in vertical effective stress using the new maximum excess pore pressure associated with the current specific volume (see Fig. 7 ).
Average soil strength and mobilisation response. The average undrained shear strength at the current location of the object, s u,av , is obtained by integrating the weighted undrained shear strength within the strength influence zone defined in Fig. 5(h) , through a strength influence function, v s ðẑÞ.
When the object changes direction, mobilisation of the soil strength is captured by a non-linear strength-displacement model. The model provides a high tangent stiffness as motion begins in a new direction, and the tangent stiffness decays with displacement so the mobilised soil strength, s u,mob , asymptotically approaches the (spatially averaged) available soil strength, s u,av . Many expressions have been used to capture the non-linear soil stiffness for soil (e.g. Janbu, 1985; Puzrin & Burland, 1998; Atkinson, 2000) . In this paper, the normalised mobilised soil strength, (s u,mob /s u,av ), rises with displacement at a tangent stiffness, K, expressed as
in which the effective tangent stiffness, K, is gradually reduced according to the proportion of the change in mobilised strength that has occurred (including any unloading). After any reversal, the potential change is defined as (|Δs u,max |/s u,av ) and lies in the range 0-2, and the current change is given by (|Δs u,mob |/s u,av ) as shown in Fig. 8 . The tangent stiffness is then given as
where ζ is the power law parameter to account for the non-linear change in tangent stiffness. K max is the maximum tangent stiffness that is adopted since the last reversal in penetration or extraction. To accurately capture changes in initial stiffness during small-amplitude cycles, K max can be Fig. 8 . Mobilisation of soil strength under complex motion EFFECTIVE STRESS FRAMEWORK FOR ESTIMATING PENETRATION RESISTANCE assigned a variation with (|Δs u,max |/s u,av ), as shown in Fig. 8 , but this is not explored in the present paper.
Types of analysis (operations)
In order to combine effects of maintained load, remoulding and reconsolidation, the new framework consists of two types of step -displacement-controlled and load-controlled. For a displacement-controlled step, an incremental displacement of the penetrating object results in a rise in excess pore pressure due to the corresponding incremental shear strains, and therefore causes degradation of soil strength. For the load-controlled analysis, with an input load (or pressure), the displacement of the object is calculated and, dependent on the resulting displacement, the soil strength profile is updated. An iteration is involved where the soil strength is degraded owing to a given displacement step, and the penetration depth is updated until vertical equilibrium is reached at greater depth. The two operations enable simulation of cyclic penetrometer tests and practical field operations such as jack-up spudcan installation. A flow chart showing the procedures of the new framework is presented in Fig. 9 .
SIMULATION USING THE NEW FRAMEWORK
Benchmarking analysis against cyclic T-bar penetration test Framework parameters. A benchmarking analysis against the cyclic T-bar test described earlier was carried out using the appropriate framework parameters presented in Table 2 .
The critical state parameters are determined from laboratory element tests (data from Stewart (1992) ), with the normally consolidated undrained strength ratio, [s u /σ′ v0 ] NC , quantified from the initial penetration phase of the T-bar tests. For a lightly overconsolidated clay, the initial specific volume of the soil is calculated based on the OCR and in situ geostatic vertical effective stress, σ′ v0 , following a critical state context (Schofield & Wroth, 1968; Muir Wood, 1990) , given by
The lumped strength parameter, Φ steady , is obtained by predicting the best-fitted fully remoulded shear strength after each episode of cyclic loading. A value of Φ steady = 0·6 is selected to achieve good agreement with the measured fully remoulded strength for all three episodes. However, to capture effects from overconsolidation, destructuration or changes in K 0 through shearing events, Φ is taken to decay exponentially from a peak value, k Φ Φ steady to Φ steady , by way of equation (11).
The parameters of the excess pore pressure model control the rate of excess pore pressure generation, and therefore influence the degradation of soil strength during cyclic penetration shearing. The best-fit values of p = 3·15, ε 99 = 100, b = 0·65 and ε 95,Φ = 28 are determined by fitting the initial and cyclic undrained shear strength profiles for the 
Components of analysis
Equations (1)- (7) Equations (8)- (9) Equations (10) )) is adopted. A value of β = 1 is used to defined the shear strain influence zone, and α = 1 is used to define the strength influence zone used in the calculation of the average undrained shear strength, s u,av (Einav & Randolph, 2005; Hodder et al., 2013) . For a strength-displacement model, values of K max = 32·5 and ζ = 0·32 provide a good match with the measured mobilisation of soil strength during the first cyclic episode. Results and discussion. Figure 10 shows a very good correlation between the undrained shear strength measured in the centrifuge sample by a cyclic T-bar test and estimated by the framework. A reconsolidation period of 1 year (at prototype scale) between each episode is equivalent to a normalised time of T $ 32 with a coefficient of consolidation, c v = 2 m 2 /year. Based on the hyperbolic dissipation, the degree of dissipation is U $ 0·99, meaning that 99% of the initial excess pore pressure has dissipated during the pause period. After the reconsolidation between cyclic episodes 2 and 3, a significant increase in soil strength is also well captured by the framework simulation.
In Fig. 10(b) , the predicted variation in soil strength at a depth, z = 1·75 m is presented against measured test data by a degradation factor, DF = s u,cyc /s u,i in which s u,cyc is the soil strength from the cyclic phases. DF gradually decreases to a steady value in each cyclic episode, but after the reconsolidation, the regain in soil strength is well captured by the framework. Figure 11 shows the estimated variation in stress state at a depth of 1·75 m. During cyclic undrained shearing, the cumulative excess pore pressure causes a gradual reduction in effective stress and, through reconsolidation, the excess pore pressure dissipation leads to a rise in effective stress, a decrease in specific volume and a higher corresponding remoulded stress. These variations in stress state cause significant increases in cyclic shear strength and fully remoulded strength.
These simulations demonstrate that the framework can replicate the soil strength degradation owing to continuous cycles of undrained shearing, and the regain in soil strength following the reconsolidation period.
Benchmarking analysis against spudcan penetration test Framework parameters. The second benchmarking analysis was performed against spudcan penetration tests that consider the effect of varying levels of maintained load and consolidation time. The details of the experimental programme were described earlier, and the framework parameters and an overview of the test cases are summarised in Tables 3 and 4, respectively. As these experiments were also conducted in kaolin clay, the critical state soil parameters are identical to those used in the analysis of the Hodder et al. resistance (based on test 1, which had no consolidation period), q r,ref /s u,i , is shown in Fig. 12 , and is seen to be well described by q r,ref /s u,i = 10·1 for z/D 0·7, and by q r,ref /s u,i = 10·1 + 1z for z/D . 0·7. Owing to the absence of cyclic T-bar data for this study, the lumped strength parameter is taken as Φ steady = 0·6, identical to that used in the first benchmarking analysis for the kaolin clay. The excess pore pressure model parameters were selected as p = 2·6 and ε 99 = 100 by minimising the residuals between the measured and predicted initial undrained shear strengths. Values of b and ε 95,Φ were maintained from the parameter set for the simulation of the Hodder et al. (2009) T-bar tests, although they are not invoked by the framework in this case, as the soil is normally consolidated.
Values of β = 0·5 and α = 0·5 are selected to define the shear strain influence zone and the strength influence zone, respectively, as informed by clay failure mechanisms during spudcan penetration (Hossain & Randolph, 2009) . As the spudcan tests did not involve penetration and extraction stages, K max and ζ were selected by noting the values that best captured the measured resistance-displacement response during spudcan repenetration after a short consolidation period (0·25 years). K max = 480 and ζ = 0·2 provided the best agreement.
The coefficient of consolidation, c v , is taken as 2·6 m 2 /year at 0·5D depth, 3·5 m 2 /year at 1·0D depth and 4·0 m 2 /year at 1·5D depth after Bienen & Cassidy (2013) , with a linear variation in between. The consolidation parameters, T 50 = 0·05 and m = 0·95, best described the measured dissipation response reported in Bienen & Cassidy (2013) and were consequently adopted here. The maintained load is assumed to be transmitted 90% by way of compression by specifying η = 0·1. An extension study exploring this assumption is described later, varying η from 0 to 0·9.
Results and discussion. Changes in excess pore pressure and vertical effective stress during consolidation. Figure 13 presents changes in excess pore pressure (Fig. 13(a) ) and vertical effective stress (Fig. 13(b) ) from the simulation analyses at the consolidation depth of z/D $ 1 for a range of consolidation periods from 0·25 to 18 years. The in situ geostatic effective stress was reduced initially by the excess pore pressure due to shearing from the initial penetration stage. An additional excess pore pressure was generated as the maintained load was applied, and negative pore pressure was developed above the spudcan scaled by a negative pore pressure factor of η = 0·1.
During the consolidation, the dissipation of excess pore pressure without maintained load leads to an increase in vertical effective stress towards the in situ value. Meanwhile the dissipation of excess pore pressure due to a maintained load results in an additional increase in vertical effective stress towards a new equilibrium value (Fig. 13(b) ). The contribution of dissipated excess pore pressure (Fig. 13(a) ) causes a reduction in specific volume and gain in soil strength, which are enhanced by the maintained load.
Above the spudcan, the magnitude of negative pore pressure neutralises the excess pore pressure generated by the initial penetration stage as the maintained load is applied. This reduces the change in vertical effective stress, and the resulting soil densification during consolidation.
Improved penetration resistance. The improved normalised penetration resistance after consolidation is given by 
where s u,c is the consolidated soil strength predicted by framework analysis. T10  0·5D  0·25  0·005  56·5  T9  0·5D  0·5  0·01  55·3  T11  0·5D  1  0·019  52·5  T18  0·5D  18  0·343  62·2  T12  1·0D  0·25  0·006  144·6  T3  1·0D  0·5  0·013  126·6  T14  1·0D  1  0·024  145·2  T5  1·0D  18  0·457  131·9  T7  1·5D  0·25  0·007  244·3  T6  1·5D  0·5  0·015  233·7  T8  1·5D  18  0·52 Figure 14 compares the predicted and measured profiles of q f /s u,i ðẑÞ for all 11 test cases, with consolidation periods from 0·25 year to 18 years, and consolidation depths at 0·5D, 1·0D and 1·5D. The simulations show remarkable agreement with the experimental data, for both the peak in resistance and also the improved zone beneath (defined in Fig. 15 ).
EFFECTIVE STRESS FRAMEWORK FOR ESTIMATING PENETRATION RESISTANCE
Improved peak resistance: the effect of the consolidation duration and maintained load on the post-consolidation resistance can be quantified by a peak resistance ratio, q r,peak /q r,ref , where q r,ref is the resistance at the same depth for the case without a consolidation period. Fig. 16 compares the peak resistance ratio estimated by the framework and measured in the centrifuge tests. The predicted peak resistance varies with consolidation time, reflecting the different levels of excess pore pressure dissipation. Overall, the framework provides a very reasonable estimate of the peak resistance measured in the centrifuge tests.
The predicted peak in resistance is affected by the assumption made on the load sharing above and below the spudcan, from η = 0 (no 'hanging' effect from the overlying soil) to η = 0·9 (almost fully 'hanging' from the overlying soil). Additional simulations were conducted using different values of η at the target depth of z $ 1·0D with a maintained load, q = 131·9 kPa. The results are expressed as the peak resistance ratio, q r,peak /q r,ref , and plotted against dimensionless time, T in Fig. 17 . For each η, the estimated q r,peak /q r,ref increases with consolidation time (except the analysis with η = 0·9). This shows that the rise in soil strength from compression outweighs the loss in strength from swelling, which is consistent with the compression paths reaching the NCL, giving a greater reduction in specific volume and therefore strength gain. For all analyses, a low value of η results in a high consolidated peak resistance after a given consolidation period, and vice versa.
Improved zone: following mobilisation of the postconsolidation peak in resistance, the spudcan pushes through an improved zone as defined in Fig. 15. Fig. 14 also compares the predicted and measured extent and size of this improved zone. The extent of the improved zone depends on the magnitude of the maintained load and the consolidation period. This is captured by the framework, since the zone of excess pore pressure is increased by the level of maintained load. The results indicate excellent agreement at deep consolidation depth (z/D $ 1 and 1·5) and a slight underestimation for the shallower cases.
CONCLUSIONS
This paper sets out an analytical framework to predict changing penetration resistance caused by variations in soil strength caused by maintained load, remoulding and reconsolidation, with sufficient generality for complex histories of load and displacement to be replicated. The framework idealises the soil domain by way of a onedimensional vertical discretisation, using critical state concepts for the generation and dissipation of pore pressure and the resulting changes in soil strength.
A benchmarking analysis against a T-bar test with three cyclic penetration episodes was performed. The framework prediction is in good agreement with experimental data for each cyclic episode. The framework reproduces the soil degradation during the cyclic penetration, along with the regain in soil strength owing to reconsolidation. This benchmarking analysis, therefore, validates that the analytical components in the framework can capture the changing soil strength due to cyclic remoulding and reconsolidation.
In the second benchmarking analysis, the framework simulates a set of spudcan footing penetration tests with a series of consolidation periods. The simulations reproduce well the enhanced penetration resistance due to increasing soil strength and the improved zone following the subsequent penetration process. This analysis reveals that the framework can provide a simple means to assess soil-structure interaction considering maintained load, remoulding and consolidation.
In summary, the framework provides accurate assessments for soil-structure interaction problems involving maintained load, remoulding and reconsolidation. It is a useful method to simulate cyclic penetrometer tests and practical field operations considering a 'whole-life' loading history. It has the potential to bridge between advanced in situ tests and predictions for foundation design, and confidence will grow as further cases are used to demonstrate and refine the framework. Load sharing factor, η, decreasing from 0·9 to 0 Fig. 17 . Effect of changing load sharing factor (η = 0 to 0·9) (the simulation case at z $ 1·0D with maintained load, q = 131·9 kPa) μ(ẑ) strain influence distribution function σ′ v vertical effective stress σ′ v,eqm equilibrium vertical effective stress σ′ vc pre-consolidation stress σ′ v,NCL vertical effective stress at normal consolidation line σ′ v,RSL vertical effective stress at remoulded strength line σ′ v0 in situ geostatic effective stress Φ lumped strength parameter Φ steady steady value of lumped strength parameter χ characteristic pressure Ψ normalised vertical distance between the object and a given soil horizon
